Bronchioloalveolar carcinoma (BAC), a subtype of lung adenocarcinoma (ADC) without stromal, vascular, or pleural invasion, is considered an in situ tumor with a 100% survival rate. However, the histological criteria for invasion remain controversial. BAC-like areas may accompany otherwise invasive adenocarcinoma, referred to as mixed type adenocarcinoma with BAC features (AWBF). AWBF are considered to evolve from BAC, representing a paradigm for malignant progression in ADC. However, the supporting molecular evidence remains forthcoming. Here, we have studied the genomic changes of BAC and AWBF by array comparative genomic hybridization (CGH). We used submegabaseresolution tiling set array CGH to compare the genomic profiles of 14 BAC or BAC with focal area suspicious for invasion with those of 15 AWBF. Threshold-filtering and frequency-scoring analysis found that genomic profiles of noninvasive and focally invasive BAC are indistinguishable and show fewer aberrations than tumor cells in BAC-like areas of AWBF. These aberrations occurred mainly at the subtelomeric chromosomal regions. Increased genomic alterations were noted between BAC-like and invasive areas of AWBF. We identified 113 genes that best differentiated BAC from AWBF and were considered candidate marker genes for tumor invasion and progression. Correlative gene expression analyses demonstrated a high percentage of them to be poor prognosis markers in early stage ADC. Quantitative PCR also validated the amplification and overexpression of PDCD6 and TERT on chromosome 5p and the prognostic significance of PDCD6 in early stage ADC patients. We identified candidate genes that may be responsible for and are potential markers for malignant progression in AWBF.
L
ung adenocarcinoma (ADC) accounts for Ϸ35% of all lung cancers and has an overall 5-year survival of 17% (1) . The recent World Health Organization (WHO) classification recognized a particular subtype, bronchioloalveolar carcinoma (BAC), for its noninvasive features and excellent prognosis (2) . BAC has a distinct histological pattern of tumor cells growing along preexisting alveolar framework without evidence of stromal, pleural, or vascular invasion. Yet, some invasive ADC, classified as mixed type, may have components or large areas of BAC-like pattern. Multistage development of adenocarcinoma putatively involves progression from atypical adenomatous hyperplasia (AAH) through BAC to invasive mixed type ADC with BAC features (AWBF) (3) (4) (5) . Mice that express oncogenic KRAS develop histological changes that range from mild hyperplasia/dysplasia analogous to atypical adenomatous hyperplasia to alveolar adenomas and ultimately display overt ADC (6, 7) . BAC-associated tumors have gained significant attention for their potentially greater sensitivity to treatment by epidermal growth factor receptor (EGFR) inhibitors (8) . The initial studies that recognized BAC as a distinct entity reported 5-year survival rates of 100% (9) (10) (11) , but more recent studies have reported lower 5-year survival rates of 83-86% for resected stage I BAC patients (12) (13) (14) . These rates possibly reflect difficulties in applying the histological criteria of invasion in BAC or AWBF. Some studies have also reported that BAC with focal areas of microinvasion may also have excellent prognosis similar to noninvasive BAC (11, 15) . The identification of genes/proteins that may distinguish BAC from AWBF and are predictors of ADC with poor prognosis could be useful for the establishment of molecular pathological classification of lung ADC. In this study, we have used array comparative genomic hybridization (CGH) to test our hypothesis that BAC is molecularly distinguishable from AWBF by their differential genomic profiles and that marker genes for invasion and/or poor prognosis may be identified.
Results
Most chromosomal changes in both BAC and AWBF were subtle, indicating low levels of genomic alteration as well as partial attenuation by contaminating nonneoplastic host cells. The profiles of BAC and BAC with focal areas suspicious for invasion were indistinguishable and showed low copy gains at 1p, 2q, 5p, 7p, 11p, 11q, 12q, 16p, 16q, 17q, 20q, and 21q (Fig. 1B) . Copy gains typically occurred at the subtelomeric regions. AWBF had similar chromosomal changes but with greater variability and frequency and longer segmental alterations. Deletions were also more common in AWBF and were observed mainly on 3p and 5q and to a lesser extent on 4q and 6q. In two patients with synchronous BAC and invasive AWBF, the BAC-like area of the latter showed greater aberrations than the BAC (Fig. 2A) . In two other AWBF, greater alterations were also noted in BAC-like areas compared with invasive areas (Fig. 2B) . Normal lung samples showed no alteration of these regions.
Using threshold-filtering, we identified 119 clones that distinguished BAC from AWBF. Hierarchical clustering of all cases using these clones separated BAC from AWBF samples (Fig. 1C) . In addition, a Fisher's Exact Test comparing the frequency of genomic changes between the BAC and AWBF groups yielded a list of 517 clones that best differentiated the two lesions. Integrating these two analyses was accomplished by applying a 10-clone ''window'' to identify shared regions [supporting information (SI) Text]. The result was a list of 256 candidate clones of high interest, from which a shorter list of 58 clones with gains in AWBF compared with BAC was selected. These clones included 113 unique amplified genes (Table S1 ) that could represent invasion and tumor progression markers for AWBF.
Quantitative polymerase chain reaction (QPCR) validated the gene content changes in 33 of the 113 candidate marker genes; 25 genes (75.8%) (Table S2) showed significantly higher gene copy number in AWBF compared with BAC. Among the evaluated genes were TERT and PDCD6, which we selected for further validation by QPCR and/or FISH based on their location on chromosome 5p, which showed prominent genomic changes (Fig.  1B) . Measurement of both genes by QPCR demonstrated significant differences in gene copy number between BAC and AWBF (P ϭ 0.03 for TERT and P ϭ 0.02 for PDCD6), consistent with the array CGH results (Fig. 3A) . Using FISH, we also studied the gene copy of TERT and chromosome 5 in 21 tumors. The correlation coefficients were 0.76 between array CGH and QPCR, 0.50 between QPCR and FISH, and 0.53 between array CGH and FISH (Fig. 4) . FISH appears the most sensitive in detecting the amplification levels and revealed the existence of chromosome 5 polysomy, especially in AWBF. Furthermore, FISH showed increased signal in the invasive area of AWBF compared with the BAC-like area in two samples, T41 and T46 (Fig. 4A) . The coefficient of correlation for PDCD6 amplification between array CGH and QPCR was 0.94.
Using real-time QPCR (RT-QPCR), we showed that in 10 separate pairs of invasive ADC and their corresponding nonneoplastic lung tissues, PDCD6 was overexpressed in tumor compared with normal lung tissue (P Ͻ 0.01), with a mean 3-fold increase in expression (Fig. 3B) . In a series of 85 resected (stage I-IIIA) non-small-cell lung carcinoma (NSCLC) samples, PDCD6 overexpression was an independent poor prognostic factor for overall survival in stage I-II ADC patients [hazard ratio (HR) ϭ 4.94, 95% C.I. 1.22-8.52, P ϭ 0.02] (Fig. 3C) as well as for the entire cohort of stage I-II NSCLC patients (HR ϭ 3.82, 95% C.I. 1.26-11.6, P ϭ 0.03).
We next performed a correlative gene expression study using external and our own lung ADC gene expression microarray datasets, starting with the 113 amplified genes. Analysis of the Toronto, Harvard, and Michigan datasets discovered that 35%, 33%, and 29% of the genes were overexpressed; a fraction are expected to be based on gene amplification. These datasets included only 87, 59, and 42 of the 113 genes, respectively, and overexpression was noted in 42%, 36%, and 34% of them (Table 1 and Table S1 ). These results indicate a slight enrichment of the candidate amplified gene list for overexpression. Univariate analysis of the Duke microarray dataset showed that 10,023 of 54,675 (18%) probe sets were prognostic for overall survival (P Ͻ 0.05), with 4,879 (9%) overexpressed genes associated with poor prognosis. Among our 113 candidate-amplified genes, 112 were represented by 227 probe sets on the U133 plus 2 array. The expression of 46/227 (20%) probe sets was significantly associated with prognosis and thus was not significantly different from the percentage of all microarray probe sets that were prognostic (P ϭ 0.507). However, 34 of the 227 probe sets (15%), representing 27/113 (24%) putatively amplified and overexpressed genes ( Table  2) were associated with poor prognosis. This percentage is significantly higher than the 9% of all probe sets (P ϭ 0.002) with such association. The most prognostic overexpressed genes included SERPINE1 (HR ϭ 6.02, 95% C.I. 1.98-16.23, P ϭ 0.001), GNB2 (HR ϭ 5.8, 95% C.I. 1.83-14.52, P ϭ 0.002), and ST13 (HR ϭ 5.37, 95% C.I. 1.67-13.05, P ϭ 0.003), (Fig. 3 D-F) .
Using frequency scoring, we identified the most common deletions (SI Text). The majority of deleted clones in AWBF were on 3p and 5q, and they showed more continuity in their chromosomal location than on the other chromosomes. The deleted clones on chromosome 3p and 5q included 149 genes (Table S3) , among which are FHIT and DLEC1. Similar to the candidate gained genes, correlative gene expression analysis using external and our own lung ADC datasets found that 22%, 20%, and 16% of the genes in the Toronto, Harvard, and Michigan datasets were down-regulated. Among the 149 candidate genes with loss, only 113, 84, and 48, respectively, were represented in these three datasets. Downregulation was found in 45%, 26%, and 20% of them (Table S4) . These results also showed an enrichment of the candidate deleted gene list for down-regulation.
Discussion
We have demonstrated that the genomic profile of BAC is distinguishable from that of invasive AWBF, with the latter displaying greater genomic aberrations. We have also demonstrated that there is progression at the genomic level from BAC-like to invasive areas of AWBF. The 113 differentially gained genes in AWBF compared with BAC could represent candidate marker genes for tumor invasion and malignant progression. Correlative gene expression studies on microarray datasets suggest that a high percentage of these genes are prognostic markers for early stage ADC patients. Using QPCR, we validated the common amplification of 25 genes including TERT and PDCD6 and found PDCD6 overexpression to be an independent prognostic marker for poor overall survival in early stage ADC. Further validation could potentially lead to use of these genes as markers for differentiating aggressive AWBF from noninvasive and prognostically excellent BAC.
There have been many attempts to classify lung carcinomas at the molecular level through various techniques, including metaphase CGH studies (16) , gene expression (17) (18) (19) , and array CGH analyses (20) . Our whole-genome submegabase array study shows that BAC is characterized by alterations at subtelomeric chromosomal regions. Such aberrations could be explained mechanistically by the breakage/fusion/bridge (BFB) cycle (21) . Normally telomeres protect chromosome ends and prevent their fusion; however, telomere loss may lead to chromosome instability and cyclic fusion, the formation of a chromosomal bridge and its breakage in proximity to the site of initial fusion, of sister chromatids during replication. This self-perpetuating process resolves through net gain of telomere by translocation of the ends of another chromosome, by small subtelomeric duplications of the end of the same chromosome, or by direct telomere addition. Consequently, gene amplification and deletions occur preferentially at the subtelomeric chromosomal regions. BFB also predicts progressive accumulation of genetic alterations, as observed in both BAC and AWBF. It has been shown that, as BFB progresses and more chromosomal abnormalities accumulate, the breakpoints are more interstitial (21) . The differential genomic changes noted between BAC and invasive AWBF provide important evidence for a better understanding of the pathogenesis of ADC. We have used two independent algorithms to enhance the certainty of the profile that distinguishes BAC from invasive AWBF. Our inability to clearly differentiate BAC from BAC with focal area of invasion at the genomic level suggests that both may have a similar behavior with low metastatic potential and that early invasion is likely determined at gene expression levels by epigenetic mechanisms. The finding also suggests that BAC or BAC with focal invasion, which are negative for the overexpression of identified marker genes, could potentially be grouped into a single diagnostic entity with excellent prognosis (11, 15) .
The 113 candidate marker genes that we identified may represent part of the ''signature of chromosomal instability'' for invasion and malignant progression in AWBF (22) . The correlative gene expression validation rate (Ϸ35%) in the Harvard and Michigan datasets was limited by the low number of probe sets in the microarray platform that matched the genomic gene list (less than half). Nevertheless, it confirms the importance of some of our candidate markers in lung carcinoma (Table S1 ) and the overexpression of others such as SAR1A (23) , SYCP1 (24) , and MCM7 (22) , which have been linked to other malignancies as well as lung cancer. We have previously reported the poor prognostic significance of TERT gene amplification in NSCLC (25) . Our present findings extend the importance of TERT amplification to AWBF and increased TERT gene copy because of chromosome 5 polysomy.
PDCD6, programmed cell death 6, or apoptosis-linked gene 2 (ALG-2) is located on chromosome 5pter-5p15.2 and is in close proximity to TERT. It encodes a 191-aa protein that was originally considered pro-apoptotic (26) . PDCD6 belongs to the penta-EF hand Ca 2ϩ -binding protein family (27) and is ubiquitously expressed in the body. PDCD6 is required for T cell receptor-, glucocorticoid-(26), and FAS-(28) induced cell death. It interacts with the SH3-binding domain containing pro-apoptotic protein AIP1 (ALG-2-interacting protein-1) (29), peflin (30) , and annexin XI (31) in a Ca 2ϩ -dependent way as well as with DAPK1 (deathassociated protein kinase 1) (32). During FAS-induced apoptosis, PDCD6, which is a 22-kDa protein, is cleaved in its N-terminus to yield a 19-kDa protein and translocates from the cytoplasmic membrane to the cytosol (28) . More recent work questioned the need of PDCD6 for apoptosis, as it may be compensated by other functionally redundant proteins (33) . Immunohistochemical staining has revealed high expression of PDCD6 in primary tumors compared with normal tissues of the breast, liver, and lung (34, 35) . Both nuclear and cytoplasmic overexpression have been reported for lung cancer, especially metastatic ADC, indicating that it plays a role in survival pathways (35) . We confirm that PDCD6 is significantly overexpressed in lung ADC (35) . Moreover, we have also demonstrated that PDCD6 is a poor prognostic factor in both early stage NSCLC and ADC and thus may serve as one of the markers to differentiate more indolent from aggressive AWBF.
Potti et al. (19) reported a genomic strategy to refine prognosis for early stage NSCLC and identify patients at high risk of relapse after initial surgery. They constructed a lung metagene model based on gene expression data and showed that its prognostic accuracy surpasses that of a model based on traditional clinical data. Their model was applied to all histologic types of early stage disease but did not consider BAC as a special entity. Although none of the 122 genes in the published metagenes matched our 113 genes, analysis of our genes in their dataset showed that the overexpression of 27 genes (24%) was associated with poor prognosis in early stage ADC patients. Significantly higher gene copy number in AWBF compared with BAC was confirmed by QPCR on genomic DNA in 74% of these genes (20 of 27 genes, Table S2 ).
A B   T2  T5  T4  T11  T48A  T30  T1  T22  T51A  T49A  T3  T17  T9  T40A  T12R  T195  T6  T46A  T46B  T19  T42A  T43B  T41B  T41A  T10  T44B  T44A  TERT Log2 Ratio (CGH & QPCR T2  T5  T4  T11  T48A  T30  T1  T22  T51A  T49A  T3  T17  T9  T40A  T12R  T195  T6  T46A  T46B  T19  T42A  T43B  T41B  T41A  T10  T44B  T44A   CGH ratio  QPCR  FISH -TERT  FISH The 27 putative markers that we identified include serpin peptidase inhibitor, clade E, member 1 (SERPINE1); guanine nucleotide-binding protein ␤-2 (GNB2); and suppression of tumorigenicity 13 (ST13). SERPINE1, also known as plasminogen activator inhibitor-1, is the primary physiological inhibitor of both tissue-type plasminogen activator (tPA) and urokinase-like PA (uPA) and thus promotes the stabilization and formation of thrombi. In addition to regulating the fibrinolytic system, SERPINE1 has de-adhesive properties and is capable of inducing cell detachment that is dependent on the presence of complexes of uPA:uPA-receptor matrix-engaged integrins (36) . Interestingly, SERPINE1 high expression has been linked previously with poor prognosis in a number of malignancies (37) , including lung ADC (17) . High expression of SERPINE1 may activate cellular scattering, promote migration, and possibly enhance metastatic spread, all of which could account for the poor prognosis observed. Our study relates the high expression to amplification present at the genomic level. SERPINE1 is located on the same locus, 7q21.3-q22, as GNB2, which is a prognostic marker for lung ADC. GNB2 is the second of five possible genes encoding the ␤ subunit of G proteins. As of yet, no other study associates GNB2 with lung cancer, but it is well established that G protein-coupled receptors can promote cancer progression and metastasis in a variety of tumors including NSCLC (38) . ST13, whose aliases are P48, HOP, and Hsc70-interacting protein, acts as a cochaperone of heat-shock protein 70 (Hsp70) to stabilize its activity (39) . Hsp70 is known to promote survival in cancer cells (40) , thus making it reasonable to hypothesize that ST13 amplification would lead to tumor progression.
For the most part, the function and role in lung cancer of the remaining genes from the 113 candidate gene list are poorly characterized, and their involvement in the progression of lung ADC is worthy of further study. These genes are also promising markers for poor prognosis in early lung ADC and could serve as potential targets for future therapy. The finding that gene losses at certain chromosomal regions are more prominent in AWBF than BAC indicates that gene deletions may also play an important role in the progression of ADC. Our putatively deleted genes require further validation.
Materials and Methods
Study Materials. The study protocol was approved by the University Health Network Research Ethics Board and included 26 resected lung cancers (1996 -2005) classified histologically as nonmucinous BAC or invasive-AWBF. For each case, the histology slides were reviewed independently by the study pathologists (S.A.-R. and M.-S.T.) and tumors were classified according to the 2004 WHO criteria (2) . Twelve cases were classified as AWBF when they had not only prominent nonmucinous BAC-like pattern (Ͼ50% of the tumor) but also frank invasive ADC of other histological types, such as acinar, papillary, or solid (Fig. 1 A) . Fourteen cases were considered noninvasive BAC or BAC with possible focal microinvasive area. In 11 of the AWBF cases, tissue from the BAC-like area was sampled, and in three, additional tissue from a frankly invasive area was sampled separately. One case involved sampling from the invasive area only. Clinical characteristics of the samples are provided in Table S5 . Eight corresponding normal lung tissues were selected arbitrarily as normal controls. For mRNA expression studies, we used matched tumor and normal tissues from the University Health Network snap-frozen lung tumor bank (41) .
Tissue Sampling, DNA Isolation, and Array CGH. DNA was isolated from formalinfixed, paraffin-embedded tissue. Guided by hematoxylin and eosin (H&E)-stained sections, we marked representative paraffin blocks with tumor areas containing Ͼ50% tumor cell nuclei were marked and cored them by using the needle for tissue array (Beecher Instruments). The process of tissue sampling, DNA isolation, and array CGH is detailed in the SI Text.
Array CGH Data Analysis. Array CGH data analysis was based on two independent algorithms, threshold-filtering and frequency-scoring (42), using multiple software tools including SeeGH (43) , Genesis (44), aCGH-Smooth (45) , and FrequencyPlot (42) . The algorithms and the overlap between them are described in SI Text. Our analysis concentrated on clone gains rather than losses because clone gains involved more chromosomes, their prevalence was higher (Fig. 1B) , and occasionally they were of higher copy number (not limited to just two copies per clone). Validation by RT-QPCR. Gene copy numbers were evaluated for the DNA used in the array CGH studies by RT-QPCR, using primer sets for target and housekeeping genes. The evaluation of 33 genes, including TERT and PDCD6, was performed on all of the array CGH samples except two BACs (Tables S2 and S6 ). The mRNA expression study was carried out on two groups of samples: 10 pairs of matched ADC and their adjacent normal lung tissue and 85 NSCLC samples. Primer sets design, reaction conditions and analysis description, and patients' demographic information are included in SI Text and Tables S7 and S8 .
Validation by FISH. The 21 cases studied by FISH included 7 BAC with or without suspicion for invasion and 14 AWBF; 3 of the latter were scored in both their BAC and invasive areas. An additional case of AWBF was scored only in the invasive area. Among these cases was one with synchronous BAC and invasive AWBF sampled from the BAC area. FISH failed in 6 samples. The FISH protocol is detailed in the SI Text.
The Toronto DNA Microarray Dataset. RNA was extracted by the phenol/ chloroform method from 39 adenocarcinomas (Table S9 ) and 10 normal lung tissue samples. RNA quality was assessed by gel electrophoresis and Bioanalyzer (Agilent). cRNA synthesis, hybridization, and scanning were performed according to the manufacturer's protocol. The adenocarcinoma RNA was profiled on the U133A chip (Affymetrix) and the normal lung RNA on the U133A2 chip (Affymetrix). To ensure the compatibility of these two platforms, four of the 39 adenocarcinomas were reprofiled on the U133A2 chip.
Correlative Gene Expression Study. We validated the 113 amplified genes and the 149 deleted genes from array CGH analysis on the Toronto microarray dataset and on two publicly available lung cancer microarray expression datasets (17, 18) , referred to as ''Harvard'' and ''Michigan,'' respectively. For a detailed description of the analytic process and a summary of the validation see the SI Text and Tables  S1 and S4 . In addition, univariate analysis was performed on microarray expression data of stage I ADC patient samples from a third dataset referred to as ''Duke'' (19) to identify prognostic markers and compare them with the 113 candidate markers, as detailed in the SI Text and Table S7 .
Statistical Analysis. The Mann-Whitney test was used to compare the genomic copy number of 33 genes including TERT and PDCD6 (Table S2) . Pearson correlation coefficients assessed the correlation between array CGH, QPCR, and FISH results. The Wilcoxon signed rank test was used to compare PDCD6 expression in the paired ADC-normal samples. Survival analysis of PDCD6 mRNA of 85 NSCLC patients and 34 stage I ADC patients from the Duke dataset is described in the SI Text.
